A number of in vivo and ex vivo skin models have been applied to human wound healing studies. A reliable skin model, which recapitulates the features of human wound repair, is essential for the clinical and mechanical investigation of human cutaneous wound healing. Full-skin ex vivo culture systems have been used in wound healing studies. However, important structures of the skin, such as the differentiation of keratinocytes and epidermis-dermis junction, are poorly characterized in this model. This study aims to develop an optimized partial-thickness human ex vivo skin culture (HESC) model to maintain human skin characteristics in vitro. During our culture, the basal layer, suprabasal layer, and stratum granulosum layer of epidermis were preserved until day 8. Analyses of hemidesmosome proteins, bullous pemphigoid antigen 1 (BP180) and 2 (BP230), showed that the integrity of the basement membrane of the epidermis was well preserved in the HESC model. In contrast, an organotypic culture with human keratinocytes and fibroblasts failed to show an integrated basement membrane. Maintenance of skin structure by histological analysis and proliferation of epidermal keratinocytes by Ki67 staining were observed in our model for 12 days. Complete re-epithelialization of the wounding area was observed at day 6 post wounding when a superficial incisional wound was created. The expression of Ki-67 and keratin 6, indicators of activated keratinocytes in epidermis, was significantly upregulated and new collagen synthesis was found in the dermis during the wound healing process. As control, we also used organotypic culture in studying the differentiation of the keratinocyte layers and incisional wound repair. It turned out that our model has advantage in these study fields. The results suggest that our HESC model retains important elements of in vivo skin and has significant advantages for the wound healing studies in vitro.
Wound closure is a complex process involving multiple factors in several dynamic phases. A successful experimental model will encapsulate each phase to better understand the mechanistic features of wound repair and to the development of biological therapeutics for clinical use. 1 Currently, popular wound healing models can be classified as in vivo or in vitro with model selection dependent on the objectives and hypotheses of the investigation. An in vivo model utilizing animal subjects has the advantages of simulating wound healing that is most similar to clinical cases. For example, the host's vascular and immune systems, as well as the external environment, influence animal models like humans. Although mouse, 2 rat, 3 rabbit, 4 and guinea pig 5 wound healing models are used to imitate human skin repair, these models are affected by physiological differences. For example, wounded mice and rats heal by contraction of the subcutaneous muscle (panniculus carnosus) instead of re-epithelialization as seen in humans. As this subcutaneous muscle layer does not exist in humans, contraction contributes to a different healing mechanism. 6 Also, the in vivo animal model requires a number of replicates for each treatment condition to minimize the effects of intraspecies differences. The variation in anatomy, physiology, pathology, and stress experienced by animals can also alter research results. 6 Unlike in vivo models, in vitro wound closure models, such as mono-layer keratinocyte culture, 7, 8 keratinocyte-fibroblast co-culture, 9 ,10 organotypic culture, 11, 12 and skin explants [13] [14] [15] directly utilize human cells to simulate the living environment of human skin. Wound-healing studies can be carried out in each representational model. In vivo models have been applied to numerous studies related to cutaneous wound closure including response to stress, dose response interactions, and immune response. 1, 16 However, very few in vitro models can completely reproduce the physiology of human skin for wound repair studies. 17 Lack of multidimensional growth makes the mono-layer keratinocyte culture a less robust tool for wound healing investigation. Despite the fact that both keratinocyte-fibroblast co-culture and organotypic culture have the characters of three-dimensional cell culture, their fidelity to in vivo is still limited. The main cell types for both models are keratinocytes and fibroblasts. Although this gives researchers an opportunity to study the interaction of these two types of cells, the surrounding environments of the cells are different than that of human skin. The matrix of these in vitro models has been simplified. Also, the role of the immune response (neutrophils, macrophages, dendritic cells, etc), an important part of the wound healing process, is negated and has no function in these systems. Furthermore, although the organotypic culture of keratinocytes and fibroblasts (OTC) introduces type I collagen or fibrin to mimic the dermal matrix, the phenotype of cultured fibroblasts in the collagen is still altered as the mechanical tension in the system are different than that of real skin. 18 On the other hand, human full-skin ex vivo cultures contain other cellular elements of skin such as Langerhans cells, pigment cells, and nerve endings. Previous studies with human full-skin ex vivo culture systems have been employed in many studies related to human dermatology, such as functional study of epidermal growth factor (EGF) in psoriasis, 19 expression of cytokines in psoriatic skin, 20 epidermal Langerhans cell behaviors, 21 and transgenic studies for immunotherapeutic purposes. [22] [23] [24] [25] The full-skin culture has also been used in the study of epidermis epithelialization, 26 infection during wound healing, 6 as well as tensile strength of skin wound healing. 14 Several strategies have been previously used in maintaining the ex vivo full-skin culture. In these models, the thickness of the skin, the type of culture media, and even the platform to support the skin were different. For example, in the study of transfection and activation of human cutaneous dendritic cells, a partial-thickness skin culture was cultured on a sterile steel mesh with a supply of RPMI 1640 supplemented with 10% fetal bovine serum (FBS). 22 In another model, to study wound infection ex vivo, a full-thickness skin raft was cultured on a stainless steel chamber surrounded by Dulbecco'smodified Eagle's medium (DMEM) containing 10% FBS. Surprisingly limited characterization of the cultured skinsuch as basement membrane integrity, proliferation of keratinocytes, and duration of survival of skin-was described in these ex vivo studies. In particular, major unanswered questions are the time in culture that ex vivo cultures persist with respect to proliferation and apoptosis, and the ability to respond to injury. The aim of this study is to develop an optimized partial-thickness of human ex vivo skin culture (HESC) model to maintain human skin characteristics in vitro. Rather than the full-skin ex vivo culture model, HESC model includes epidermis and only a very thin layer of dermis. Both histological and biochemical analyses show that the properties of skin found in vivo were maintained in our HESC model. Re-epithelialization of incisional wounds was also found in our model. Furthermore, we compared our HESC model with a classic OTC model in both morphology and wound healing study. These results suggest that our HESC model retains important elements of in vivo skin and has significant advantages for the wound healing studies in vitro.
MATERIALS AND METHODS Preparation of HESC Model
Human skin was collected from elective abdominoplasties. All human tissues were obtained according to the guidelines set forth by Northwestern University and under a protocol approved by the Institutional Review Board of the Northwestern University. Subcutaneous fat was carefully removed with an industrial razor blade. Skin was disinfected with Betadine and 70% ethanol, and then fixed on a sterilized cutting board. A thin layer of skin with complete epidermis and partial-thickness dermis (Figure 1 ) was sliced and washed in Dulbecco's phosphate-buffered saline with penicillin-streptomycin (Invitrogen Life Technologies, Carlsbad, CA, USA). The skin tissue was put on the bottom of a nylon mesh cell strainer (BD Biosciences, San Jose, CA, USA) with the epidermis facing up. Eight sutures were applied to each piece of skin to fix the skin on the strainer. The cell strainer was then placed into a six-well plate ( Figure 2 ). The cell culture medium consisted of DMEM (Mediatech, Herndon, VA, USA) supplemented with 10% FBS (Thermo Scientific HyClone, Logan, UT, USA) and penicillin-streptomycin. The skin graft was cultured in the liquid-air interphase and kept in the cell culture incubator at 37 1C with 5% CO 2 . The medium was changed every other day. 
Preparation of OTC Model
The human organotypic raft cultures were directly purchased from the Skin Disease Research Center (SDRC) at Northwestern University, Feinberg School of Medicine. Briefly, fibroblasts and liquid collagen mixture, containing 7 50 000 human fibroblast cells were added into an insert sitting in a six-well plate. A fibroblast cell culture medium DMEM was added to submerge the plug and was incubated at 37 1C for 24 h. Then, one million keratinocytes were suspended with E-medium supplied by SDRC and plated on the top of each plug. The E-medium was also used to replace the DMEM surrounding the plug. E-medium contains 50:50 (v/v) DMEM and DMEM/F-12, E-cocktail mix (18 mM adenine, 500 ng/ml bovine pancreatic insulin, 500 ng/ml human Apotransferring, and 500 ng/ml triiodothyronine, 4 mM L-glutamine, 0.4 mg/ml hydrocortisone, 10 ng/ml cholera toxin, 5 ng/ml EGF, 5% FBS, and antibiotics). The plate was incubated at 37 1C for 48 h then the E-medium was carefully removed from the top of each plug (lifting). The surrounding E-medium was changed every other day until the sample was harvested. The skin rafts were harvested at day 12 post lifting.
Histological Structure of HESCs and OTCs
The cultured skin grafts were harvested at day 0, 2, 4, 10, 12, 14, and immediately fixed with 10% formalin. The fixed tissues were then embedded in paraffin and sectioned with 5 mm thickness. 
Keratinocytes Apoptosis and Proliferation in HESCs
The HESCs were harvested at day 0, 2, 4, 10, 12, and 14. Tissues were immediately embedded in the optimal cutting temperature (O.C.T.) compound and snap frozen in liquid nitrogen. The embedded samples were then cross-sectioned with 10-mm thickness. Apoptosis was assessed using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) system (Promega, Madison, WI) according to manufacturer's instructions. For the proliferation assay, mouse-anti-Ki67 antibody (BD Biosciences Pharmingen, San Diego, CA) was used. A biotinolyated goat-anti-mouse IgG was used as a secondary antibody. The signal was detected using the Vectastain Elite ABC system (Vector Labs, Burlingame, CA) and visualized using 3, 3 0 -diaminobenzidine. To determine the proliferation rate of the basal layer keratinocytes, the numbers of Ki67-positive cells in the basal layer keratinocytes were counted. To determine the apoptosis rate of keratinocytes, TUNEL staining positive cells were counted in the full depth of the epidermis. Five random fields per sample were analyzed from three samples and the rate was presented as mean ± s.e.m. The significance of the difference between each two time points was estimated by ANOVA with post hoc Tukey's adjustment.
Study of Re-Epithelialization on HESCs and OTCs
The HESCs were prepared as described above and incubated with a medium in the cell culture incubator overnight. Thereafter, an incisional wound created by a scalpel cut completely through the epidermal layer and superficially nicked the dermis. Shallow perpendicular incisions were made evenly on the surface of the skin grafts with a maximum distance of 1 mm between wounds. The HESCs were then continuously cultured at the same conditions as described above and were harvested at day 0, 5, 7, 9, 12, and 14 post wounding. The histological analysis was performed on the harvested samples with H&E staining. In addition, picrosirius red (Direct red 80, Sigma-Aldrich, St. Louis, MO) staining was used to visualize the collagen reconstruction during wound healing. Anti-Ki-67 antibody was used to Human ex vivo skin culture in wound healing W Xu et al detect the induction of keratinocytes in wound beds. To detect the induction of the cytokeratin 6 (K6) expression in the epidermis during wound healing, the skin samples were embedded with O.C.T. and 10 mm cross-sectional slides were made with frozen blocks. The immunofluorescent staining was performed on the slides with a mouse anti-K6 antibody (Abcam). The unwounded HESCs were used as controls.
To study re-epithelialization in the OTCs, incisions were created at day 7 post lift of the culture (consider as postoperative day 0 (POD0) for OTCs). The samples were harvested every other day until day 12 post lift (POD12) and analyzed as described above.
RESULTS
The Structure of the Skin was Maintained During the Culture of HESCs Compared with the fresh human skin sample, which was processed within 4 h after collection from the patient (Figure 3a) , the HESCs at day 4 ( Figure 3c ) and day 10 ( Figure 3d ) showed increase in epidermal thickness. The number of keratinocyte layers was estimated by the thickness of the epidermis (mm) divided by the average size of keratinocytes (mm/cell) measured in each slide. Approximately 5 layers of keratinocytes were observed in the epidermal layer of the skin day 0, whereas about 12 and 11 layers of keratinocytes were seen at day 2 and day 4 during ex vivo culture, respectively. At day 10 ( Figure 3d ) and day 12 (Figure 3e ), the numbers of keratinocyte layers in the epidermis were decreased compared with day 2 and day 4 but still more than fresh skin at day 0. Notably, the thickness of stratum corneum of the HESCs at day 10 and day 12 were increased compared with both the fresh skin and skins at day 2 and day 4. The structure of the skin explants at day 14 demonstrated significant differences from the fresh skin sample (Figure 3f ). After 14 days in culture some detachment of epidermis from dermis was observed (data not shown). Also, the thickness of the epidermis at day 14 was dramatically decreased and only a few keratinocytes were seen in the epidermis.
Differentiation of keratinocytes in HESCs progressed in normal fashion until day 12 based on the immunofluoresent staining of K5, K10, and loricrin. Expression of K5, a basal layer keratinocyte marker, was detected from day 0 to day 12 during culture primarily near the basal layer (Figures 4a, c, e, and g ). At day 12, K5 was expressed both in the basal and suprabasal layers although the signal was weak (Figure 4g ). Though expressions of K5 were also observed in the OTCs, signals were found in all the layers of epidermis in contrast to HESCs (Figures 4i, k, m and o) . K10 was consistently expressed in a spinous layer of ex vivo epidermis until day 12 (Figures 4a, c, e, and g ). In contrast, the K10 was only expressed in the spinous layer of organotypic raft at POD0 (Figure 4i ). No signal of K10 was detected at the rest of the time points in organotypic culture (Figures 4k, m and o) . Both ex vivo culture (Figures 4b, d , f, and h) and organotypic culture (Figures 4j, l , n, and p) had stratum granulosum until day 12, indicated by the terminal differentiation keratinocyte marker, loricrin, though the signals at day 12 were attenuated ( Figures 4h and p) .
In assessing the survival and structure of the explants, the integrity of the basement membrane of the epidermis was measured through the detection of hemidesmosome antigen BP180 and BP230. The signals of both BP180 (Figures 5a-d) and 230 (Figures 5e-h ) were shown at all time points along the time course of the HESC. The continuous distribution of BP180 and BP230 between the epidermis and dermis suggested the integrity of the basement membrane in the skin graft. Even at day 21 when the epidermis of the cultured skin appeared to be disrupted, the basement membrane was still well maintained based on BP180 and 230 staining (Figures 5d  and h) . As a control, expression of BP180 and 230 was also analyzed on cross-sections of organotypic skin culture. The dashed distribution of BP180 and 230 along the basal layer of epidermis indicates an incomplete basement membrane at POD3 in OTCs (Figures 6a and b) .
Epidermal Keratinocytes Proliferate during ex vivo Skin Culture Proliferating keratinocytes were mainly found along the basal layer in the HESC (Figure 7) . Quantification of the proliferating keratinocytes in the basal layer showed a high proliferation profile in the fresh skin epidermis (45.05 ± 1.12%, Figure 7a) . A decrease in the number of proliferating keratinocytes was shown as early as day 2 (32.52 ± 1.47%, Figure 7b) . A significant drop of proliferating keratinocytes was seen at day 12 (7.27±2.30%, Figure 7e ) compared with day 4 (26.13±4.81%, Figure 7c ). No proliferating keratinocytes were detected at day 14 ( Figure 7f ). Both histological and biochemical studies suggested that the structure of skin is well maintained and epidermal keratinocytes proliferate in HESC. The differences of cell proliferation rates between day 0 and any of the other time points were all significant based on ANOVA (Po0.01).
Apoptosis of keratinocytes was analyzed along the time course of the ex vivo skin culture as both proliferation of keratinocytes ( Figure 7 ) and thickness of epidermis ( Figure 3) were drastically decreased at day 14. The freshly collected skin sample did not show any signal for apoptosis in keratinocytes (Figure 8a ). Apoptotic keratinocytes were clearly observed at day 6 culture (12.72 ± 0.57%, Figure 8b ). Apoptosis of keratinocytes was also observed at later time points, including day 12 (22.00±1.16%, Figure 8c ) and day 14 (29.44%±3.41%, Figure 8d) , and the distribution range of apoptotic cells were extended across the whole epidermal layer. The apoptosis rate at day 0 was significantly lower than other time points based on ANOVA (Po0.01).
Re-Epithelialization and New Collagen Synthesis were Found in the Incisional Wounds on HESCs
We addressed the wound healing process in HESC by creating partial-thickness incisional wounds. It was clearly shown that the incisions on the skin explants penetrated the full thickness of the epithelial layer and superficially nicked the dermis at day 0 ( Figure 9a) . The gap in the epidermis was still found at day 2 post wounding; however, the keratinocytes at the margins of the gap showed signs of migration (Figure 9b) . The re-epithelialization of epidermis was completed on day 6 (Figure 9c ). On day 8, the epidermis showed hyperplasic epithelium surrounding the original incision (Figure 9d) . Figure 3 Morphological changes in the HESCs along the time course of the culture. Compared with control skin (a), the skin at day 2 (b) did not show any significant differences in appearance. Starting from day 4 (c), the epidermal layer of the skin graft appeared to be thicker than the control. The skin at day 10 (d) and day 12 (e) also had thicker epithelial layer than control, whereas the stratum corneum layer of the skin at day 12 was thicker than control. At day 14 (f), epidermal layer was significantly decreased in size compared with other time points. The length of the scale bar is 50 mm.
Human
Reproduction of the collagen in the dermal layer, which occurs during wound repair, was addressed via collagen staining. The newly generated collagen was not detected at day 0 or day 2 (Figures 10a and b) post injury. However, a considerable amount of new collagen was detected at day 6 as seen in Figure 10c . The two areas with dark green color clearly suggest new collagen fibers, making the original incision sites easily differentiated from the surrounding areas, which appear to be a bright yellow/orange color. Less newly generated collagen was found at day 8 ( Figure 10d ) compared with day 6 (Figure 10c) . By day 8, the regenerated dermis could not be easily differentiated from the surrounding noninjured tissue (Figure 9d) .
Activation of keratinocytes, which is found in normal wound healing, was address by analyzing the expression of Ki-67. Immediate sampling after incisions did not show the difference of Ki-67 expression between wounded and unwounded areas (Figures 11a and b) . Increase of Ki-67 positive keratinocytes was clearly observed in the wound bed at day 2 compared with unwounded HESCs (Figures 11c and d) . The proliferation of keratinocytes in the wound bed remained upregulated at day 6 (Figures 11e and f) . It was noted that the proliferating cells near the bed were distributed across multiple layers of the epidermis in contrast to unwounded HESCs in which the proliferating keratinocytes were primarily located along the basal layer. Activation of keratinocytes in the wound bed started to be attenuated at day 8 post wounding (Figures 11g and h) .
Activation of keratinocytes was also estimated by immunofluoresence of K6. Under normal culture conditions, the expression of K6 in HESC was slightly elevated along the time course of the culture. Expression of K6 was slightly increased before day 4 and decreased after day 4 during the skin culture (Figures 12a-e) . Similarly, in the skin graft with incisional grids, the increase of K6 expression was also observed before day 4 during culture; however, there was no significant decrease of expression levels of K6 after 4 days post wounding (Figures 12f-j) . By comparing the expression levels of K6 between the unwounded and wounded skin, we found that the expression of K6 was more induced in wounded skin than in unwounded skin at all time points. Although the expression level of K6 at day 4 in wounded skin was higher than any other time points, the biggest difference of K6 expression between the wounded and unwounded skin came at day 12 post wounding. Thus, analyses of incisional wounds in HESCs suggest that our ex vivo culture model behaves similar to the in vivo human skin.
Wound Closure in the Organotypic Cultures
The incisions made on the OTCs closed faster than those on HESCs. The epithelial gap could only be seen at day 0 and 2 post wounding (Figures 13a and b) . Thereafter, the injured Figure 4 Differentiation of keratinocytes in epidermis of HESCs and OTCs. Expression of K5 was detected in the ex vivo culture and organotypic culture along the time course of culture. Although K5 was expressed primarily near the basal layer in ex vivo culture, its expression was detected across multiple layers in the organotypic culture. K10 expression in the ex vivo culture was found until day 12 (g, h). However, K10 expression was only found at POD0 in the organotypic culture (i, j, day 7 post lift). Expression of loricrin was detected both in the ex vivo culture and organotypic culture. The signal of loricrin in both models was diminished at day 12 (g, h, o, p). Human ex vivo skin culture in wound healing W Xu et al sites could not be recognized (data not shown). The immunofluorescent staining with Ki-67 and K6 did not show any difference between the injured and non-injured tissues (Figures 13c-j ). There were also no signs of remodeling of the dermal matrix as artificial collagens were used in the organotypic cultures. These differences, combined with the presence of k5 staining basal cells in all layers, (Figure 4 ) emphasize that in the organotypic cultures, keratinocytes are not normally differentiated in the progression of the basal cell layer through the stratum corneum layer, and appear to be very actively proliferating even without injury.
DISCUSSION
The development of the HESC allows investigators to study human skin in in-vitro conditions. Skin explants have been applied in many studies but a thorough examination of the Human ex vivo skin culture in wound healing W Xu et al viability of the skin and the fidelity of the behavior of skin to injury has not previously been undertaken. In our model, we employed a series of new methods to overcome the limitations that were noticed in earlier studies, such as the small area of the specimen and lack of tension during the skin culture. [27] [28] [29] Our model also carries some unique characters, which have never been reported in previous studies. For example, in our system, the normal morphology of epidermis could be maintained for at least 12 days; the basement membrane was intact after 21 days of culture; keratinocyte proliferated up to 12 days, whereas apoptosis started after 6 days culture. Moreover, the epidermis re-epithelialization, and dermal collagen reproduction and remodeling were all observed during wound healing. All these functions strongly suggest that our HESC behaves similar to human skin in vivo and can be used as a substitute for human subjects in wound repair studies. All these advantages benefit from the novel procedures applied in this model.
The human skin explant in this model was fixed by sutures around each sample providing an even level of tension across the surface, to a level comparable to in vivo resting tension. Also, only a part of the dermis was submerged by medium allowing the epidermis to be exposed to an air interface similar to in vivo skin. This induced the keratinocytes in surface layer to form the stratum corneum, which is the water barrier layer in skin. 30, 31 In our model, the stratum corneum layer was clearly observed at different stages of culture. Compared with the fresh skin sample, the layers of stratum corneum were well conserved and even increased, (Figure 3 ) which suggested that our culture system provided a representative air-liquid interface environment for the epidermis. The well-maintained stratum corneum also reduced the water loss from the epidermis so that the hydration conditions of the keratinocytes were relatively stable. Morphologically, the keratinocytes in HESC did not show differences compared with fresh human skin (Figures 3-5) . The keratinocytes in HESC were still able to proliferate until day 12 ( Figure 7) . However, our ex vivo culture model had a considerable number of cells apoptosis beginning about 1 week after culture ( Figure 8 ). As shown in the keratinocytes differentiation with keratins and loricrin staining, the ex vivo cultured skin could keep the basal layer, spinous layer, and stratum corneum for at least 8 days (Figure 4) . This, combined with the data on proliferation, and preservation of the basement membrane, suggests that the behavior of the skin to various perturbations would reasonably mimic in vivo situations for up to 6 days. Longterm culture of HESCs, of over 12 days, caused severe destruction of the epidermis. Differentiation of the keratinocytes is known to require the involvement of many factors. The maintenance of the differentiated cells suggests that our HESC model was surrounded by proper environment.
The optimal culture time in each skin culture model may vary. For instance, the study of hair-follicles physiology allowed the investigators to use skin explants cultured for more than 2 weeks 32 in the investigation of primary cultured hair follicle-derived cells. In addition, the skin was ex vivo cultured for more than 8 weeks as the investigators used the skin as a matrix to sustain growth of follicle-derived cells. 27 The method used in our study kept the HESCs for about 2 weeks without severe modification of the physiology and histology of the keratinocytes (Figures 3-5) . However, changes in apoptosis suggest that studies extending beyond 1 week are more difficult to correlate to in vivo behavior (Figure 8 ). This observation is consistent with the previous investigation done by Steinstraesser et al, 33 which suggested that it was difficult to culture the human skin ex vivo for more than 2 weeks as the physiologic turnover of healthy human epidermis is about 14 days.
Two weeks ex vivo culture allows the study of wound healing with this model as the re-epithelialization time of the incisions in our study was about 6 days ( Figures 9 and 11) . Previously, wounding area re-epithelialization assay was performed earlier on a fetal in vitro explant model. In that model, the epithelialization was observed between day 4 and 7 post wounding with a significant hypertrophic epidermis around the wounding area. 15 The observation in fetal explants was very similar to our results in adult skin, although different methods were used in the two studies to create and maintain the skin explants.
In our HESC model, the incisional wounds successfully activate keratinocyte proliferation during healing (Figure 12) . However, the proliferation rate of keratinocytes near basal layer in normal OTC was almost 100%, and thus could not be further stimulated by injury ( Figure 13 ). The epithelial gap of the OTC was filled rapidly post wounding. We were not able to identify the wounding site with proliferation markers after Keratinocyte apoptosis analysis on HESCs. Minimal cell apoptosis was observed at day 0 (a). Increased apoptotic cells were observed at day 6 (b) and day 12 (c), whereas only a few apoptotic keratinocytes were seen at day 14 (d) post skin grafting. Apoptotic keratinocytes were analyzed with the TUNEL system and apoptoic cells were stained brown. The length of the scale bars is 50 mm.
Human ex vivo skin culture in wound healing W Xu et al the wound was healed (data not shown). These data, combined with the observations of abnormal differentiation in the OTCs, suggest that the OTCs have limitations for the wound healing study.
Our results were also reinforced by the observation of the induction of K6 during the wound healing process. In vivo experiments previously have demonstrated that expression of K6 persisted as keratinocytes migrated towards the wounding site and this process was reversible upon wound closure. 34 In our study, persistent elevations in expression levels of K6 from day 2 to day 12 were detected in HESCs (Figure 12 ). In another experiment, the keratinocyte proliferation rate was also rebooted by incisions in HESC (Figure 11 ). The re-epithelialization and activation of K6 in skin ex vivo cultures after wounding, supports the clinical relevance of our model (Figures 9, 11, and 12) .
Besides the well-maintained structures of epidermis and dermis in our HESC model, it is noticeable that another important constituent of human skin, the basement membrane, was also well preserved during the culture. The basement membrane in skin serves as a multifunctional structure separating epithelium from mesenchyme and provides a firm support for the germinative basal cell layer. 35, 36 It regulates the phenotype and differentiation of various types of cells 37 and has been identified to be involved in many pathological processes, such as wound healing and tumor cell invasion. 38 Many molecules with multiple roles have been identified from the basement membrane including laminins, type IV and VII collagens, nidogen, perlecan, BP180, and BP230. BP180 and 230 are two important protein components of basement membrane and constitutively produced by keratinocytes, while anchoring basal layer keratinocytes to the basement membrane through DEJ. Well-maintained human skin with good integrity has continuously distributed BP180 and 230 within the basement membrane. The lack of these BP180 and 230 antigen proteins results in insecure attachment of the epidermis to the dermis. The HESC used in our study demonstrated persistent high density of BP180 and 230 in the basement membrane area ( Figure 5 ). In contrast, the Figure 9 Re-epithelialization of incisions on HESCs. The incision was clearly observed immediately after wounding (a). The break of epithelium was still found at day 2 post wounding, while initial migration of keratinocytes in the edge of the wound towards closure was noticed (b). A fully re-epithelialized epidermis was observed at day 6 post wounding (c). At day 8 post wounding, there was a hyperplasia at the original wounding area (d). Black arrows indicated the original incision areas. The length of the scale bars is 50 mm.
skin obtained through organotypic culture demonstrated a discontinuous spotty staining for BP180 and 230 ( Figure 6 ). Similar results were observed in the study performed by Smola et al, 38 which showed that the formation of basement membrane was incomplete 3 weeks after the organotypic culture was transplanted to a nude mouse. However, under in vitro culture conditions, the organotypic raft culture demonstrated degradation to the epidermis layer within 2 weeks, and during that time period the basement membrane was not reconstituted. The lack of a DEJ is a limitation of the OTCs, compared with the ex vivo model. Because the epidermis was so poorly attached to the underlying dermis, any attempt at incision resulted in shearing off a sheet of epidermal cells, rather than a precise incision. In addition, compared with the incisions in our HESCs, which left clear markers in the dermis when breaking the collagen fibers, the incisions on the organotypic culture barely left any markers in collagen matrix as this jelly-like material could be easily recovered. As a consequence it was impossible to detect the site of the incision after re-epithelization in OTCs. With an intact basement membrane, the HESC model has more reliability in studies of wound healing, especially for keratinocyte differentiation and keratinocyte-fibroblast interactions, which are affected by the basement membrane.
It is interesting that collagen production was observed during the healing of incisional wounds in the skin culture. This suggests, after days of ex vivo culture, the fibroblasts within the dermis are still active. The reconstruction of collagen in wounded areas appeared to lag behind the re-epithelialization of the epidermis. Although the collagen reconstruction during wound repair is a key event leading to scar formation and wound contraction, it is difficult to study this remodeling phase with current in vitro skin models. A variety of materials have been used to build dermal substitutes, such as collagen gels, 39 collagen sponges, 40 and polyglactin mesh. 41, 42 However, the re-organization of the matrix has not been well characterized. In our model, the generation of new collagen fibers was noted 6 days post wounding (Figure 10 ), which suggested that our HESC model could be potentially used in scar studies. It will be worthwhile to find a way to delay the turnover time of the tissue so that we can utilize this model to monitor the process of scar formation.
Also, in our HESC model, some other types of cells were well preserved beside keratinocytes and fibroblasts. Based on the immunofluorescence staining with cell markers, we found alpha smooth muscle actin (a-SMA), CD31, and CD34-positive cells (Supplementary Figure 1) after 10 days in culture. In contrast, the signals of these three markers in organotypic cultures are Figure 10 Picrosirius red staining to detect the generation of collagen post wounding in HESCs. The staining of collagen at day 0 post wounding showed strong yellow/orange color due to lack of newly generated collagen (a). Similarly, there was no detectable new collagen identified by picoririus red by day 2 post wounding (b). The newly produced collagen was found around wounding areas at day 6 (c) and day 8 (d) post wounding as indicated by dark green color. Sections with lower magnification were shown in inlets. The length of the scale bars is 50 mm.
negative as expected. It has been previously reported that in normal mouse or human skin, cells with a-SMA, CD31, or CD34 markers were detected. The a-SMA is a cell marker for myofibroblast, 43 or endothelial cells derived from CD34-positive cord blood cells. 44 The CD31 is primarily expressed in endothelial cells 45 whereas CD34 is a marker for dendritic cells 46 or some cells located in hair follicles. 47 Although we do not have enough evidence to identify the cell type with a single cell marker, it is at least indicative of a diversity of the cell types in HESC model. This will be potentially useful in the study of the cell fate and cell-cell interactions during the wound repair. In summary, the partial-thickness HESC model developed in this study maximized strengths of the in vitro model in the study of wound healing. The characteristics carried by natural Figure 11 Activation of keratinocytes in the wound bed of HESCs. Ki67 was used as a marker for cell proliferation during wound healing. (a) HESC with incision at day 0 post wounding; (b) HESC without incision at day 0. More proliferating cells were observed near the wound bed at day 2 (c) and day 6 (e) compared with the unwounded area (d, f). At day 8 post wounding, there was no significant difference in the number of proliferating cells between wounded (g) and unwounded (h) areas. The basement membrane was outlined by white dash lines. The arrows indicated the original incisions. The length of the scale bars is 100 mm.
Human ex vivo skin culture in wound healing W Xu et al Figure 13 The healing of the incisions in OTCs. A faster healing rate was observed in the organotypic culture compared with the ex vivo culture model. The epithelial gaps were only seen at day 0 and day 2 post wounding (a, b). Expression levels of Ki-67 in wound beds at day 0 and day 2 (c, d) did not show significant difference than unwounded area at day 0 and day 2 (e, f). Similarly, there was no obvious difference between the incision (g, h) area and normal area (i and j) at day 0 and day 2. The length of the scale bars is 100 mm. Figure 12 Immunofluorescent staining for keratin 6 in HESCs with (a-e) or without incisional grids (f-j) on the surface. Expression of keratin 6 (k6) was slightly induced by the normal ex vivo culture of the human skin, whereas its expression was significantly stimulated by incisional wounding. Expression levels of k6 reached the peak at day 4 (c) post wounding and decreased after this time point. Expression of k6 in the skin with incisional grids was also significantly induced from day 4 (h) whereas high levels of k6 expression lasted till the end of the skin culture. The length of the scale bars is 100 mm.
Human ex vivo skin culture in wound healing W Xu et al human skin were well preserved in the model. Of significance, healing of superficial wounds was observed with epithelial differentiation and proliferation in the epidermis, and a new collagen deposition in the dermis. Thus, our HESC model has several advantages as a model system to facilitate study of in vivo wound healing.
